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Executive Summary
Sediment and small mammal samples were colZcctec! from the exposed sediments of Par Pond in early 1995, shortly before the reservoir was refilled after a 4-year drawdown. Sampling was confined to elevations between 58 and 61 meters (190 and 200 feet) above mean sea level, which includes the sediments likely to be exposed if the Par Pond water level is permitted to fluctuate naturally. Both soil and small mammal samples were analyzed for a number of radionuclides and metals. Some of the soil samples were also analyzed for organic contaminants. The objective of the study was to determine if contaminant levels in the Par Pond sediments were high enough to cause deleterious ecological effects.
None of the metals or organic constituents measured in the Par Pond exposed sediments exceeded the U.S. Environmental Protection Agency, the National Oceanographic and Atmospheric Administration, or Canadian ecological screening criteria for contaminants in terrestrial soils. However, the maximum total mercury concentration (485 pg/kg, geometric mean of 62 p g k g ) slightly exceeded the U. S . En vi ron men tal Protection Agency screening criterion for ecological effects in submerged (i.e., aquatic) sediments. These results suggest that mercury may pose a problem when the Par Pond sediments are submerged and mercury bioavailability increases but not when the sediments are exposed and acting as terrestrial soils.
A number of radionuclides were detected in the Par Pond setlimcnls, but only cesium-137 occuried consistently and at levels well in excess of levels at the control sites. The geometric mean cesium-137 concentration was 7.2 pCi/g; the maximum was 56.7 pCi/g. Cesium-137 was nonuniformly distributed on both small and large spatial scales, but usually higher downslope (58-59 meters [ 190-195 feet] above mean sea level) than upslope (59-61 meters [195-200 feet] above mean sea level). Cesium-137 concentrations were higher in sediments with high organic content, and the patchy distribution of these sediments probably contributed to the patchy distribution of cesium-1 37. The spatial distribution of total mercury and cesium-137 in the exposed sediments was significantly correlated, but the correlation was relatively weak (R2 = 0.25).
Cotton rats were the most commonly collected small mammal on the exposed Par Pond sediments. Cotton rats bioaccumulated cesium-137; the geometric mean total body burden of cesium-137 in Par Pond cotton rats was 57.0 pCi/g, and the maximum was 18 I .O pCi/g. Cesium-I37 levels in Par Pond exposed sediments and in cotton rats were strongly correlated (R2 = 0.57 to 0.90). Other radionuclides occurred in Par Pond cotton rats but inconsistently or at comparatively low levels when compared to cotton rats from control sites. There was no evidence that mercury bioaccumulated in Par Pond cotton rats.
The total radiation dose (internal and external) to cotton rats residing on the exposed sediments of The defect was repaired and Par Pond was refilled in early 1995 to its previous level, thus shielding people and other terrestrial organisms from exposure to the radionuclides in the sediments. The potential human health risks posed by these radionuclides has been the subject of studies that indicated a significantly increased cancer risk to permanent human residents on the exposed sediments (WSRC 1992; Whicker et al. 1993) .
Because the nuclear reactors on SRS no longer operate, the river water distribution system that was used to supply them with cooling water, and that maintains the constant water level i n Par Pond, may be shut down. Hydrological models indicate that thc watershed of Par Pond is large enough to maintain the average water level near historical levels without input from thc Savannah River, but fluctuations of several feet could be expected (COE 1994) . These fluctuations would result in the exposure of contaminated sediments, which could pose human health and ecological risks.
Just before Par Pond was refilled, soil and small mammals were collected from the exposed sediments and analyzed for a number of radioactive and nonradioactive constituents. Sampling was confined to the upper elevations of the lake bed (approximately 58 to 61 m [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] feet] above msl) where sediments would likely be exposed if water levels fluctuate naturally.
The objectives of this study were to:
determine what contaminants are present and assess their concentrations in the sediments likely to be exposed if the Par Pond water level fluctuates assess levels of contamination in small mammals that lived and fed on the exposed sediments during drawdown and that could serve as vectors of contaminant transfer up the food chain determine the relationships between levels of contamination in the sediments and in small mammals.
Methods and Materials

Field Methods
Field work was conducted between January and March 1995. At the start of the sampling period, the surface elevation of Par Pond was approximately 58 m (190 Soil samples and small mammals were collected from 15 sites on the exposed sediments of Par Pond and from 2 reference sites ( Figure I To prepare small mammal tissue for the laboratory, sufficient numbers of individuals from each species at each transect (or trapline where transects and traplines did not overlap) were composited to attain the minimum sample mass needed for radiological and chemical analyses, The individuals were homogenized in a blender to produce a whole-body composite sample (hereafter referred to as a transect sample). In addition, randomly selected individuals of one species from transects in each arm of Par Pond were composited to create a composite sample on a larger spatial scale (hereafter referred to as lake arm samples).
Descriptive information about each site was recorded. These included Munsell soil color of each soil sample, a general site description emphasizing floristic composition, and the Global Positioning System coordinates corresponding to the beginning and end points of each transect.
Laboratory Methods
Each of the individual soil samples was analyzed for total mercury, gamma emissions (gamma pulse height analysis), gross alpha emissions, and beta emissions from nonvolatile radionuclides (nonvolatile beta). The composite soil samples were analyzed for the preceding consJituents plus target compound list (TCL) volatile organic compounds, -+
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TCL semivolatile organic compounds, I>esticides/ polychlorinated biphenyls (PCBs), and targel analyte list (TAL) metals. Specific conslituents within each of these categories are listed i n tables i n this report.
Each of the transect tissue samples was analyzed for total mercury, gamma emissions (gamma pulse height analysis), gross alpha emissions, beta emissions from nonvolatile radionuclides (nonvolatile beta), and a number of metals including total mercury. Each lake arm sample and one of the reference site transect samples was analyzed for all of the preceding constituents, strontium-90, plutonium-238, plutonium-239/240, and several other constituents. Detailed information on analytical methods and QA/QC procedures can be found in quality control summary documents for Par Pond risk assessments (WSRC 1995a, b) .
Data Analysis
The results of the sediment and tissue analyses are presented as arithmetic means, geometric means, maxima, and percentage of samples with concentrations above the detection limit for each variable. Geometric means were calculated by back transforming the average value of the log transformed (i.e., X'=loglO(X+l)) data(Soka1 and Rohlf 198 1). Geometric means were presented with arithmetic means because environmental contaminant data are often logarithmically distributed (Gilbert 1987) . When calculating means, values below the detection limit were assumed to be one half the detection limit following U S . Environmental Protection Agency (EPA) guidance (Gilbert 1987 Analysis of variancc (ANOVA) was used to assess the differences among elevalions (i.e., transects), samplc sites, and lake arms on soil cesium-137 concentrations. Residual error (Le., the variation among individual soil samples within transects) was used to test the significance of differences among elevations and the interaction between sample site and elevation. The variation among sample sites within lake arms was used to test the significance of differences among lake arms. Variance component estimates for sample sites within arms and replicates within transects were calculated as shown in Sokal and Rohlf ( 198 1 ). Cesium-137 concentrations were log 1 O(X+ 1) transformed to better meet the assumptions of ANOVA for homoscedascity and normality (Sokal and Rohlf 198 I) .
A one-way factorial ANOVA tested for differences in cesium-137 concentrations among different soil types. Three basic soil types (clay, organic, sand) were identified based on field observations and Munsell soil color. Soil samples were assigned to each category based on the predominant component.
Cesium-137 small mammal tissue concentrations were regressed on cesium-137 soil concentrations to determine if concentrations in small mammal tissues could be predicted from soil concentrations. Two models were constructed. One was based on average small mammal tissue concentrations and average soil concentrations at each station (n = 17; 15 Par Pond sample sites and 2 reference sample sites) and one was based on average concentrations in small mammal tissues and average soil concentrations at each transect (n = 32). Both small mammal tissue and soil concentrations were -log IO(X+ I ) transformed for this analysis. (Long and Morgan 1990) , EPA (19954 and Canadian Council o f Ministers of the Environment (CCME) ( 1995) criteria for containinanls in aquatic sediments, and soil contamination criteria derived from a number of sources as summarized in Beyer (1990) .
Criteria for both aquatic sediments and soils were used because the substrate sampled during the drawdown could be aquatic sediments or terrestrial soils in the future, depending upon reservoir level. NOAA and CCME aquatic sediment criteria are expressed as probable effect levels (PEL) and threshold effect levels (TEL). The PEL is the concentration above which adverse effects are expected frequently; the TEL is the concentration below which adverse effects are expected infrequently; and the concentrations between the PEL and TEL are expected to cause adverse biological effects occasionally. The EPA aquatic sediment criteria are expressed as screening levels below which adverse effects are unlikely. The soil contamination criteria summarized in Beyer (1990) are usually expressed as soil cleanup criteria; that is, levels below which no remediation is required since they probably do not pose asignificant environmental risk.
The methods of Baker and Soldat (1 992) were used to calculate the radiation dose to a hypothetical small mammal residing on the exposed sediments of Par Pond. Internal dose was calculated as follows:
Rc= si Ei, where N i = I Rc = the internal dose rate to the whole body (rad/day), E, = the effective absorbed energy rate for nuclide i given the radius of the organisin, and bl = the body burden of nuclide i in the organism.
External dose was calculated as follows:
R, = F,<.,, F ,,,, Z C , DF p11d I' where i = I N R, = the external dose rate to the whole body (rad/day), Fled= the sediment deposition transfer factor, Frur = the geometry roughness Factor, DFg, = the ground irradiation dose factor for nuclide i, and CI = the concentration of radionuclides in the sediments.
Baker and Soldat ( I 992) also included a term for decay rate in their external dose computations. However, this term was not used in the present calculation since the life span of a typical small mammal is very short compared with the half-lives of the radionuclides occurring in the Par Pond sediments. Total dose was the sum of the internal and external doses.
Results and Discussion
Potential Constituents of Concern in Par Pond
Exposed Sediments
Of the 26 radionuclides screened by gamma pulse height analysis, 12 were never detected and 4 were detected very infrequently ( in fewer than 3% of the samples) in Par Pond soils (Table 1) . However, actinium-228, cesium-l 37, and lead-212 were detected in 100% of the soil samples; and cobalt-60, manganese-54, potassium-40, thorium-234, europium-155, and zirconium-95 were detected in approximately 30-80% of the samples. Neptunium-239 was detected in 9% of the samples. Cesium-137 and cobalt-60 concentrations averaged approximately 10-30 times higher in the Par Pond soils than in the reference site soils. Differences ~ in europium-155, manganese-54, neptunium-239, and zirconium-95 concentrations between Par Pond and reference site soils were relatively small (approximately two fold).
Element-specific analyses were not conducted for alpha and beta emitting radionuclides, although gross alpha and nonvolatile beta emissions were analyzed. Gross alpha levels were slightly higher - (Whicker et al. 1993 ) and probably contributed to the alpha radiation observed in this study.
Nonvolatile beta emissions were approximately three times higher in the Par Pond soils than in the reference site soils. Specific constituents that probably contributed to elevated beta emissions i n Par Pond include cesium-137, which emits beta as well as gamma radiaticn; strontium-90, which occurs at very low concentrations in Par Pond exposed sediments (Whicker et al. 1993) ; and possibly tritium.
Of the 23 metals included in our study, mercury was of greatest interest because Par Pond has been contaminated with mercury from Savannah River water that was pumped into Par Pond (Newman and Messier 1994) . Mercury was detected in 85% of the soil samples from Par Pond, and in all of the soil samples from the reference sites (Table 1) . Further, mean mercury concentrations in Par Pond soils were quite similar to concentrations in reference site soils. Of the other metals (which were measured only in the four lake arm composite samples and at the two reference sites), none were significantly highe; in Par Pond soils than in reference site soils (Table 2) .
Of the extensive list of organic compounds screened for, only two were present at concentrations exceeding detection limits ( Table 3 ). None of the organic compounds exceeded soil contamination criteria.
The contamination criteria for aquatic sediments (Table 3) are often more restrictive than those for soils. The maximum mercury level in Par Pond (485 pg/kg) exceeded the EPA screening level ( IO0 pg/kg) and the CCME TEL (174 pg/kg) but not the CCME PEL (490 pg/kg) for mercury in sediments. The average mercury concentration in Par Pond soils (62-77 pg/kg, depending upon whether geometric or arithmetic means are used) was below EPA and CCME screening levels for sediments.
Of the other constituents in Par Pond soils, several were characterized by detection limits that exceeded either the TEL or PEL for sediments. Constituents with detection limits that exceeded the CCME TEL but not the PEL were arsenic and endrin. Constituents with detection limits that exceeded both TEL and PEL were silver, dieldrin, lindane, and DDT-related compounds. While there is no indication that these constituents were elevated in Par Pond compared to reference site concentrations, their relatively high detection limits makes it impossible to eliminate them as possible constituents of concern.
. In summary, cesium-137 is the radionuclide of greatest ecological concern, reaffirming the findings of Whicker et a]. ( 1993) in their human health risk assessment of the Par Pond sediments. While several other radionuclides, especially cobalt-60, also were elevated, their activity was much lower indicating their lesser contribution to the total dose. 
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Geometric 1 2 DL = detection limit. Could not be calculated because detection limit not given. Could not be calculated because detection limit not given. Could not be calculated because detection limit not given. Could not be calculated because detection limit not given. Of the nonradioactive constituents, mercury concentrations in the sedimenls should have little or no impact on the environment when the lake bed is exposed and the sediments become terrestrial soils. When the sediments are submerged and mercury bioavailability increases (Manahan 1994) , maximum mercury concentrations are high enough to possibly produce deleterious effects but not so high that such effects are certain. Other nonradioactive constituents in Par Pond soils were not elevated in relation to the reference site soils nor did they exceed existing aquatic sediment contaminant criteria. However, some organic cornpcunds were not measured with sufficient resolution to definitively eliminate them as constituents of concern.
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Spatial Distribution of Cesium-I37 in Exposed Sediments
Because cesium-137 may be the most important contaminant in Par Pond soils, its spatial distribution was investigated closely. Differences in cesium-1 37 concentration among lake arms were not significant ( Table 4) . In contrast, there were highly significant differences among elevations and sample sites. Concentrations were usually higher at the 57-58-m (190-195 feet) (Table 4 ).
The spatial distribution of cesium-137 on the exposed sediments was related to sediment type. Analysis of variance indicated that cesium-137 concentrations significantly differed among the three sediment categories identified (ANOVA, Pd.001).
The highest cesium-I37 concentrations occurred in sediments that were primarily organic (geometric mean of 10.71 pCi/g), followed by sediments that were predominantly sand (5.8s pCi/g), and sediments that were predominantly clay (1.86 pCi/g). Sediment type could be very heterogeneous on a scale of several meters or less as a result of erosion following the drawdown and possibly biological and physical processes operating when the reservoir was full.
The association of cesium-137 with certain types of sediments combined with the heterogeneous distribution of these sediments undoubtedly contributed to the spatial variation in cesium-137 concentrations observed in Par Pond.
The arithmetic mean cesium-1 37 concentration (approximately 1 1 pCi/g; Table 1 ) measured in the Par Pond exposed sediments during 1995 is substantially lower than the cesium-137 concentrations (in excess of 30 pCi/g) reported by Whicker et al. ( 1993) . The higher average concentration reported by Whicker et al. (1993) .
The spatial distributions of cesium-137 and total erally analyzed in all of the samples while other mercury were investigated to determine if they constituents were measured only in the composite were similar, since this information could be im-lake arm samples. Eighteen constituents were portant if remediation of Par Pond sediments be-present in detectable concentrations. Several of came a requirement. Regression analysis indicated these including calcium, potassium, magnesium, a significant relationship (P<O.OOl) between sedi-and sodium are macronutrients normally found in ment mercury and cesium-1 37 concentrations; however, the R2 of this relationship was comparatively low (0.25; Figure 2 ). Cesium-137 and mercury exhibited some similarity in distribution patterns, but much of the variability of each was unrelated to the variability of the other.
Constituents in Small Mammal Tissues
Although other species of small mammals were collected from Par Pond, cotton rats (Sigrnodun hispidus) were selected for detaiIed analysis because they were most abundant, most widespread, and had the greatest tissue mass. There were 29 tissue transect samples from individual sample sites in Par Pond (including several duplicate samples froin the same station), 4 composite lake arm samples, and 2 samples from reference sites. Other small inainmal species were not collected in sufficient quantities from each site for tissue analysis.
Tw e 11 t y -t t i ree no n rad i oiic t i ve cons t i tuen t s were examined in cotton 1-211 tissues. Metals were genanimal tissues in large quantities. Others, such as zinc and selenium, are micronutrients that can be toxic at high levels but are necessary in small quantities for good health. Lack of replication at the reference sites precluded statistical comparisons of these constituents between cotton rats from Par Pond and from the reference sites. However, there is no evidence that any of these compounds were-present in toxic concentrations in Par Pond soils. None exceeded the soil screening criteria (Table 3) and many were present in comparable or higher concentrations in the reference site soils.
Mercury was present in detectable concentrations in 37% of the 29 cotton rat samples from individual sample sites at Par Pond ( Table 5 ) . The maximum and geometric mean concentrations were 30 and I 1 pgkg, respectively. These concentrations were lower than the mercury concentixtions in the soil (Table l ) , indicating that mercury was not bioconcentraled in cotton rats from Pal-Pond. These data are repeated in Table 6 . DL = average detection limit. LCI = lower confidence interval. UCI = upper confidence interval. These data are repeated in Table 6 . Nine radionuclides plus gross alpha and nonvolatile beta were present in detectable concentrations in tissue samples from Par Pond, and six radionuclides plus gross alpha and nonvolatile beta were present in detectable concentrations in tissue samples from the reference sites (note that strontium and plutonium were only analyzed for in the lake arm composite samples; Table 6 ) . Three of the radionuclides in the Par Pond cotton rats (lead-2 12, manganese-54, and radium-226) were detected infrequently and barely exceeded detection limits ( Table 5 ) . Potassium-40 and thorium-234 were detected more frequently or in slightly higher concentrations in the tissue composites from the reference sites than i n those from Par Pond. Gross alpha exceeded the detection limit in approximately 50% of the samples from both Par Pond and the rcference sites bur occurred in higher concentrations in Par Pond ( Only two radioactive constituents were present in Par Pond cotton rat tissues in concentrations well in excess of detection limits and much higher than in reference site cotton rat tissues: cesium-137 and nonvolatile beta. The geometric mean cesium-137 specific activity in Par Pond cotton rats (57 pCi/g) was more than 100 times higher than in reference site cotton rats (0.38 pCi/g). The geometric mean - These data are repeated in Table 5 .
e n specific activity of nonvolatile beta-emitting radionuclides in Par Pond cotton rat tissue (61 pCi/g) was approximately five times higher than in reference site cotton rat tissues (13 pCi/g). The relatively high level of cesium-I37 in Par pond cotton rats probably accounts for most of their nonvolatile beta activity.
Geometric mean cesium-I37 specific activity in Par pond cotton rats (57 pCi/g) was approximately eight times higher than in Par Pond soils (7.2 pCi/g; Table l ), reflecting bioaccumulation of this constituent. Bioaccumulation of cesium-137 has been observed in cotton rats from Oak Ridge (TN) as a result of consumption of cesium-137 contaminated vegetation (Garten 1979) and in large herbivorous mammals (moose, sheep, etc.) in areas contaminated by Chernobyl fallout (Rosen et al. 1995; Johanson et al. 1994) . Comparison of soil to tissue ratios for the other radionuclides indicated that only potassium-40 exhibited similar tendencies to bioaccumulate (although definite conclusions were impossible for radionuclides that were below detection levels). However, potassium-40 specific activity was as high in reference site soils as in Par Pond soils (Table l) , suggesting that its occurrence in Par Pond was unrelated to releases of contaminated water from P or R Reactors.
Cesium-137 specific activity is generally as high or higher in the forage of terrestrial herbivores than in the herbivores themselves (Rosen et al. 1995; Johanson et al. 1994) . Whicker (1993) reported relatively high cesium-137 specific activity levels (approximately 60 pCi/g) in vegetation (species unknown) collected from the exposed sediments of Par Pond. Consumption of contaminated vegetation was undoubtedly responsible for the cesium-137 body burdens observed in cotton rats, which are largely herbivorous.
Because cesium-137 in the plants consumed by herbivores is derived from the soil, cesium-137 levels in cotton rat tissue may be related to cesium-137 levels in the soil. To test this hypothesis, the average cotton rat cesium-137 concentration at each sample site (for which there was at least one rat tissue sample) was regressed on the average soil cesium-137 concentration at each corresponding sample site (n = 12, including a control sample station). The R2 for this relationship was 0.90 (P<O.OOOl) (Figure 3 ).
The average cotton rat tissue cesium-137 concentration at each transect within each sample site was regressed on the average soil cesium-137 concentration at each transect within each sample site. The R2 for this relationship was lower, 0.57, but still significant (P<O.OOOl) (Figure 4 ). Because cotton rats are mobile, they integrate cesium-137 concentrations Gver their entire foraging range. Therefore, cesium-137 concentrations in rat tissues should be more strongly correlated with the average cesium-137 soil concentrations in their foraging range than with cesium-137 soil concentrations in areas smaller than their foraging range (approximately 1 hectare C2.5 acres] L. D. Wike, personal communication). It is likely that the scale represented by the sample sites rather than the scale represented by the transects within the sample sites was nearer to the size of the cotton rat foraging range, resulting in the higher R2 for the regression at the sample station scale.
The tendency of cotton rats to bioaccumulate cesium-137 and the strong relationship between cesium-137 concentrations in cotton rat tissues and the ambient soil suggest that this species is an appropriate sentinel for detecting environmental cesium-137 contamination. Other advantages of the cotton rat in this respect are its commonness in a wide range of habitats and its restrictive home range. Because of a restrictive home range, cesium-I37 contamination in cotton rats is indicative of local soil contamination; identifying the source of contamination in a more wide-ranging animal is difficult. Also, cotton rats are relatively short-lived (approximately one year on average) and the biological half-life of cesium-137 in cotton rats is relatively short (GarJen' 1979). Therefore, cesium-I37 levels in cotton rat tissue should 3. Relationship between cesium-137 levels in Par Pond sediments and in cotton rat tissues.
be indicative of current soil contamination rather than contamination levels associated with past conditions.
Radiation Dose to Small Mammals
The preceding analyses indicate that cesium-137 probably poses the greatest threat to terrestrial organisms residing on the exposed sediments of Par Pond. To determine the magnitude of this threat, the radiation dose to a cotton rat residing on the sediments was calculated. The cotton rat is common, representative of small organisms that live close to the substrate, and has a limited home range. Sinal1 organisms with a iiinited home range may spend all of their time in a contaminatcd area of limited size (e.g., the exposed sediments); hence they may be more likely to suffer detrimental effects than larger animals that wander over a large area. The total dose (internal and external) was 0.003 radlday. This estimate was based on the maximum cesium-137 concentration in Par Pond sediments (57 pCi/g) and the maximum body burden in cotton rats (181 pCi/g). This level is well below the 1 rad/day limit for native organisms set by the U.S. Department of Energy suggesting that cesium-137 levels in the Par pond sediments between the elevations of 58 and 61 m (190 and 200 feet) above ins1 are unlikely to have detectable population-level effects on terrestrial organisms. . 
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